Aeronautics and ABSTRACT A numerical analysis methodology and solutions of the interaction between the power stream and multiply-connected multicavity sealed secondary flow fields are presented. Flow solutions for a multicavity experimental rig were computed and compared with experimental data of Daniels and Johnson. The flow solutions illustrate the complex coupling between the main-path and the cavity flows as well as outline the flow thread that exists throughout the subplatform multiple cavities and seals. The analysis also shows that the decoupled solutions on single cavities is inadequate. The present results show trends similar to the T-700 engine data that suggests the changes in the CDP seal altered the flow fields throughout the engine and affected the engine performance.
INTRODUCTION
As power systems mature the ability to refine component efficiencies declines. Current efforts in the gas turbine industry are centered on the interactive flow systems such as the interaction between the power stream and the secondary flow paths existing beneath the blade platforms, beyond the blade/vane tips and around the diffuser and combustor sections (refs. 1, 2, 5 to 7). In most cases the secondary flows provide the necessary component cooling, for example, compressor gas flowing about the combustor liner and through the turbine stators.
In the conventional turbomachine design, component analyses are often carried out independently with the power stream flow data taken as a passive boundary condition. And for large changes in component efflciencies this approach has been more than adequate. However, as gains in component efficiencies diminish, the interaction becomes acute. Recent experimental evidence illustrates this point. Changing the compressor discharge seal (CDP) from a 6 forward facing tooth labyrinth to a two stage brush seal provided at least a 1 percent decrease in specific fuel consumption (SFC). But more importantly, the compressor discharge pressure increased signaling a complete change in the compressor, combustor, and turbine pressure maps; in short changing the CDP seal changed interaction between the secondary and power streams (ref. 9) .
Agreement between experimental evidence and numerical results for single cavities can provide good first order estimates of mass, heat, and momentum distributions (refs. 3 
and 7). For multiple cavity experiments
such as UTRC simulation of the space shuttle main engine high pressure fuel turbopump (SSME/HPFTP) (ref. 4) the interactive effects of the power stream and secondary flow streams are simulated. Intercavity feedback affect pressure balancing and stator/blade stage pressures throughout the entire turbomachine.
The current state-of-the-art Computational Fluid Dynamics (CFD) methodologies and tools are mature to a point where the analysis of multiple cavities with multiple interconnections and interaction with the mainpath flows can be conducted. Herein, a numerical simulation of the UTRC HPFTP experimental scaled model rig provides mass distribution comparisons with experiment and flow streamlines to augment understanding of these measurements.
These simulations prove the capabilities of the CFD tools to analyze the complex flow fields in complex flow geometries to provide accurate results. Such simulations provide details of the flow fields in engines and rigs that can be valuable in optimization of engine seals and cavity design as well as aid in design of experimental rigs for optimum instrumentation. While much work remains, the computed distribution of ingested mass and purge/coolant mass streams illustrates the importance of secondary/power stream interactions.
GEOMETRIC AND TEST PARAMETERS
The experimental apparatus simulating the SSME HPFTP is described by reference 4; however some critical details such as interstage seal and subplatform flow areas required information from the monitors (e.g. Elizabeth Messer, NASA MSFC Alabama) or the manufacturer (Rockwell/Rocketdyne Division). Figure l(a) illustrates the UTRC simulation of the turbomachine, figure 1(b) the model seal and gas source and measurement locations for the UTRC simulation, and figure l(c) the numerical block gridding as scaled and scanned directly from the drawings shown in the UTRC simulation (ref. 4).
Two-dimensional, axisymmetric analysis was assumed although the cost of a three-dimensional analysis may be justified for new designs and for the more exact computations, CAD drawings or equivalent would be required. The experimental rig contained several details, which make the flow 3-dimensional, and approximations were made to facilitate the axisymmetric analysis. The bolt heads on the rotor di.sks were neglected. The stationary support for the central seal contained slots in the cicumferential direction. These were simulated as an open passage at the mean radius (domain connecting regions II and I/I). The radial width of this slot was fixed to yield the correct opening area in the actual rig. The interstage labyrinth seal was modeled exactl_ with the correct tooth shape and seal clearance. The experimental rig also contained curved passages under the blade platform to simulate a portion of the blades. These passages were represented using rotating openings under the blade platforms in the 2-D flow field. The rotation of these passages offers some resistance to the through flow and this effect in the 2-D flow was simulated by adding a flow resistance. Momentum sinks proportional to the local dynamic head were added to the x and r momentum equations of all cells in regions V and VI. Thus, e.g. a sink term of type 1/2kuPU2 was added to the x momentum equation and l/2kvPV2 was added to the r momentum equation where u and v are cartesian velocities in the axial and radial directions and p is the fluid density. The values of ku and k v were unknown,and a range of values from 0 to 100 were tried to see their effect on the flow field. The effects tended to be fairly small due to the small velocities through these passages. A value of 30 was used in the computations. These results arepresented in tableII alongwiththeresults for otherruns. It wasobserved thattheflowrates through seals 2 and4 remained nearlyconstant asthegridwas changed, buttheflow rates in seal numbers 1and3changed through alargerextent (8to 10percent). In both cases, theflow rates through seals1and3 reduced inabsolute value. Thiswill certainly havesomeeffect on theconcentration of themass fractionF5andin regions totheleftof seal 3,butforthepresent purpose, the accuracy of thecoarser gridwasfeltto beacceptable. Theflow simulations alsoincluded theenergy equation, whichneeded boundary specification onall walls.In theabsence of specifictemperature and/or heatflux information, thewallswereassumed to be adiabatic. Sincetheexperiments weremnatroomtemperatures withnearly thesame temperatures forallflow streams, thenettemperature changes in theflow fieldweresmall(-40°K)andwereproduced mainlyasa result of windage. Underthese conditions, theadiabatic wallassumption wasjustified.However, in anactual engine, thetemperatures of the variousmainandpassage flowsarewidelydifferent, andassumption of adiabatic wallswill incurahigher errorinsolutions inthese cases. Intheabsence ofwallinformation, thesolid disksandsupports shouldbeincluded in theenergy equation computations andtheconditions atthewall should becomputed asapartofthesolution. Thepresent CFDcodeiscapable ofhandling thissituation; such ananalysis, however, will needadditional gridblocksin all thepertinent solidregions to obtaina coupled fluid-solidenergyequation solutionandwill notbecompleted herein.
Theboundary conditions onmaingaspathswere:measured, constant velocityvalues attheinlets, and measured staticpressures at the exit boundaries. The purgevelocitieswerecalculated using the non- 
NUMERICALRESULTS
Oneoftheimportant parameters inthese experiments wastheflowmovement across thefourfish-mouth rim seals separating thepowerstream ormain-gas-path andthecavities. Experimental observations showthat in all threeruns,seals No. 1and2 whichareoneithersideof therotorI, alwaysingest flow fromthemain gaspath. Thismass andthepurgeflowmass thenexitsthrough seals 3and4,onrotorH.Ingestion through rim seals1and2 wasdesigned intentionally, sothatthetemperatures inthebladeshanks in rotor1arehigher whichreduces thethermal gradients in thebladeplatformandshank regions. Thecomputed mass flowrates atall"inlets"ontheoverall flowdomain arecompared withtheexperimental values inTable2.Thenetmass in (throughseals1 and2,andall purge flows)andthenetmass out (seals 3 and4) arealsoshown. Asseen fromthetable, verygoodagreement isseen in themass ingestion rates onseals 1and2.Themeasured values of the flow egress in seals 3 and 4 are lower than the calculated values. An overall mass balance for experimental values indicates that the mass egress is substantially lower than mass input, and hence the actual mass flow values in seals 3 and 4 should be higher than those measured, for mass conservation.
To illustrate the flow structure and the flow thread within the cavities, the streamlines are plotted in figures 2(a) and (b) for baseline mn No. 202. Seal 1 ingests main path flow and this flow is forced on along the top wall of the blade shank region (region V), due to the rotor disk rotation, and due to the purge flow in region I that gets pumped up along the rotor surface. The combined flow of ingested gas and purge flow then passes through the blade shank regions into region II, where the ingested flow in seal 2 mixes with it. The entrained powerstream flow near seal 2 goes through a complicated path to get into region II. A vortex at the fish-mouth rim seal ingests flow ( fig. 2(c) ) on its downstream side, which then goes through seal 2. This is entrained by another vortex on the other side of seal 2 and then eventually mixes with the flow from the blade shank passage.
This mixture then passes along the top wall of region II, forced towards this wall by a recirculation bubble generated by pumped flow along the rotor wall in region II. This flow then passes through the slots in the stator wall in region III, and up along through seal 3, and the other half through the blade shank region in rotor 2, and eventually out through seal No. 4. This overall pattern is dictated by the "flow pumping" induced at rotor walls, and the pressure differentials at the four main-path regions. Variations in the purge flow rates (runs 202 and 205) and variation in the tangential Reynolds number (runs 102 and 205) essentially show the same main features of the flow field (table I). The variation in the flow rates and rotating speed serves to change the strength of the vortical patterns and the streamlines.
On a region-by-region basis, we see that in region I and IV, most of the flow domains are filled with the purge flow mixtures F1 and F3, and these will provide efficient disk cooling. Near seal 1, and region V, the purge flow F1 mixes with ingested flow F4. Flows in region V and VI are dominated by a re.circulation bubble generated by the wall rotation. In a 3-D flow one can expect that the flowstructure will be different in these regions due to presence of blade shank walls.
Mixing of FI, F4 and F5 near the joining of regions II and V follows a tortuous route. The large recirculation bubble in region V interacts with a smaller bubble at this junction before the flow exits into region II, where this stream further mixes with purge flow F2. The flow pattern indicates that the cool purge flow rides along the rotor wall and mixes with the big stream at the top of region II. The presence of large amounts of F2 on the rotor wall also indicates efficient cooling.
The mixture of F2, F4, F5 and F1 passes then to region III, where it mixes with a small amount of F2, coming through the labyrinth seal. In region 1II, the main flow thread hits the rotor wall much earlier than in regions I and II. The cooling of this wall can be expected to be poorer than rotor I walls. On the other side of the rotor, region IV, there is very little ingress of the mixture coming through region VI and the rotor wall cooling is more effective. This uneven cooling of rotor II could lead to thermal stresses in the disk and disk warpage, that is, the aft tip of rotor I and the forward tip of rotor II are distressed.
The distribution of the ingested and purged flows can also be shown using the concentrations of the various gas compositions (FI through F7) injected in the main and purge paths. Experimental data and computed results indicate that most of Region I is occupied by purge flow FI, and region IV is occupied by purge F3. Most of the mixing and ingestion takes place in regions II, 1II and areas near the rim seals. Figure 3 However, the match deteriorates in and around the blade shank regions, and some of the fish mouth rim seals. The 2-D treatment of the blade shanks is partly responsible for the discrepancy. The discrepancy at fish mouth rim seals could be in part due to the inaccuracies in the shapes of the seal outlines, introduced during scanning of the drawings in the UTRC report (ref. 4) which were used to generate grids. The computational effort to simulate the blade shank passages in 3-D would require upwards of 0.3M to 0.5M points and several weeks to computational time to complete; for this analysis such an effort was not required.
In general the streamlines show a secondary flow thread beneath the blade platform that essentially starts at the forward cavity, ingested fluid from seals 1 and 2, continues through the interstage area mixing with the purge flow to exhaust through seals 3 and 4, with flow additions from the aft cavity purge F3.
For the simulated geometric configuration, figure 1, the major purge and coolant loop tends to favor the second stage turbine while encouraging fluid ingestion and mixing between the blade platforms and roots of the first stage turbine. As a numerical exercise, it was found that nearly ten-fold increases in the purge flows F1 and F2 were required to inhibit the ingestion through seals 1 and 2 for the main gas path conditions and cavity 4 purge flow of run 202.
SUMMARY OF RESULTS
1. Multiple cavity analyses capture interactive power/secondary flow stream effects that can not be realized for uncoupled single cavity treatments. These flow streams define the subplatform flow thread. 2. Good agreement between analysis and data was seen in the mass ingestion rates on seals 1 and 2, with flow egress in seals 3 and 4 lower than the calculated values.
3. Both analysis and data illustrate ingestion at the first stage turbine leading and trailing edge rim seals with fluid mixtures of ingested gases and purge gases exiting at both the leading and trailing edge seals of the second stage turbine.
4. Comparisons of calculated results and data on concentrations of various flow compositions in the central cavity between the first and second stage rotors is good but deteriorates at the blade shank regions, and some of the fish mouth rim seals. The 2-D treatment and drawing scans may be partly responsible for the discrepancies.
5. For the given turbomachine geometry, the coolant and purge gas secondary flow thread tends to provide cooling for the front side of rotor 1 and the aft side of rotor 2. However, the ingested gas affects the aft part of rotor 1 and the front part of rotor 2 producing nonuniform thermal gradients in the disc. Rotor 1 would appear more thermally stressed than rotor 2 but both are nonuniformly stressed.
6. Multiple cavities affect the flows throughout the engine; small changes in purge flows due to seal changes alters the engine flow fields. Experimental results of T-700 testing illustrate this effect. 
